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Abstract
Exploring correlations between the CP asymmetries ofB0d → pi0KS following
from an isospin relation, we uncover new tensions with the Standard Model
in data for neutral B → piK decays. Should this intriguing picture originate
from New Physics, a modified electroweak penguin sector provides a key
scenario. It includes models with extra Z ′ bosons, which offer attractive
ways to resolve anomalies in B → K(∗)`+`− measurements. We present a
new strategy to reveal the underlying physics, apply it to current B → piK
data, and discuss the excellent prospects for Belle II.
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Exploring correlations between the CP asymmetries of B0d → pi0KS following from an isospin rela-
tion, we uncover new tensions with the Standard Model in data for neutral B → piK decays. Should
this intriguing picture originate from New Physics, a modified electroweak penguin sector provides
a key scenario. It includes models with extra Z′ bosons, which offer attractive ways to resolve
anomalies in B → K(∗)`+`− measurements. We present a new strategy to reveal the underlying
physics, apply it to current B → piK data, and discuss the excellent prospects for Belle II.
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Decays of B mesons offer a powerful tool for testing the
Standard Model (SM). Particularly interesting probes are
given by B → piK decays, which have entered the exper-
imental stage about two decades ago and have also re-
ceived a lot of attention from the theory community, with
puzzling patterns in previous data [1–3]. These decays
are dominated by QCD penguin topologies, while tree
diagrams are strongly suppressed by the element |Vub| of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix.
In the case of the B0d → pi−K+ and B+ → pi+K0 chan-
nels, the electroweak (EW) penguin topologies are color-
suppressed and hence expected to play a minor role. On
the other hand, B0d → pi0K0 and B+ → pi0K+ have also
color-allowed EW penguin topologies, which contribute
at the same level as the color-allowed tree amplitudes [4].
To characterize the EW penguin effects, we introduce
qeiφeiω ≡ −
(
PˆEW + Pˆ
C
EW
Tˆ + Cˆ
)
, (1)
where φ and ω are CP-violating and CP-conserving
phases, and PˆEW (Tˆ ) and Pˆ
C
EW (Cˆ) denote color-allowed
and color-suppressed EW penguin (tree) amplitudes, re-
spectively. This parameter is very favourable from the
theoretical point of view and is of key interest for our
analysis. It can be calculated by applying the SU(3) fla-
vor symmetry to the relevant hadronic matrix elements,
yielding the following SM expression [5, 6] (see also [7]):
qeiφeiω =
−3
2λ2Rb
(
C9 + C10
C1 + C2
)
Rq = (0.68±0.05)Rq, (2)
where λ ≡ |Vus| = 0.22, Rb = 0.39 ± 0.03 is a side of
the unitarity triangle (UT), the Ck are short-distance
coefficients [8], and Rq may differ from 1 through SU(3)-
breaking corrections. For the analysis of current data,
we use Rq = 1.0 ± 0.3 [9]. We observe that the strong
phase ω vanishes in the SU(3) limit. The smallness of ω
is a model-independent feature, as discussed in detail in
Ref. [8], finding values at the few-degree level.
The EW penguin sector opens an exciting avenue for
New Physics (NP) to enter B → piK decays (see, for in-
stance, Refs. [1–3, 8–11]). Prominent scenarios are given
by models with extra Z ′ bosons [12, 13]. In view of
anomalies in data for rare B → K(∗)`+`− decays, such
SM extensions are receiving a lot of attention (see, e.g.,
Ref. [14]). Should this kind of NP actually be realized in
Nature, it would also affect the B → piK system, thereby
putting these modes again into the spotlight [15–17].
Interestingly, we find that the current B → piK data
result in a puzzling situation. Thanks in particular to
sharper measurements of γ, a previous tension of CP vi-
olation in B0d → pi0KS with respect to the SM [9] has
become more pronounced. Moreover, we show that an-
other probe offered by B0d → pi−K+ does not agree with
its SM prediction. This intriguing situation could actu-
ally be resolved through NP in the EW penguin sector.
Concerning this B → piK puzzle, B0d → pi0K0 plays a
key role as it is the only channel with a “mixing-induced”
CP asymmetry Spi
0KS
CP . This observable arises from inter-
ference between B0d–B¯
0
d mixing and decay [7]:
Γ(B¯0d(t)→ pi0KS)− Γ(B0d(t)→ pi0KS)
Γ(B¯0d(t)→ pi0KS) + Γ(B0d(t)→ pi0KS)
= Api
0KS
CP cos(∆Mdt) + S
pi0KS
CP sin(∆Mdt). (3)
Here the time dependence comes from B0d–B¯
0
d oscilla-
tions, with a frequency given by the mass difference ∆Md
between the Bd mass eigenstates.
The “direct” CP asymmetry
Api
0K0
CP ≡
|A¯00|2 − |A00|2
|A¯00|2 + |A00|2 = A
pi0KS
CP (4)
with A¯00 ≡ A(B¯0d → pi0K¯0) and A00 ≡ A(B0d → pi0K0)
is generated directly at the amplitude level through in-
terference between penguin and tree contributions with
both CP-violating weak and CP-conserving strong phase
differences, which are governed by
rce
iδc ≡ (Tˆ + Cˆ)/P ′ = (0.17± 0.06)ei(1.9±23.9)◦ (5)
reiδ ≡ (Tˆ − Pˆtu)/P ′ = (0.09± 0.03)ei(28.6±21.4)◦ . (6)
2Mode Br[10−6] AfCP SfCP
B0d → pi−K+ 19.6± 0.5 −0.082± 0.006 −
B0d → pi0K0 9.9± 0.5 0.00± 0.13 0.58± 0.17
B+ → pi+K0 23.7± 0.8 −0.017± 0.016 −
B+ → K+pi0 12.9± 0.5 0.037± 0.021 −
B0d → pi+pi− 5.12± 0.19 0.31± 0.05 −0.67± 0.06
B0d → pi0pi0 1.59± 0.18 0.43± 0.24 −
B+ → pi+pi0 5.5± 0.4 0.03± 0.04 −
TABLE I: Experimental status of B → piK, pipi modes [18]. In
the case of the B0d → pi0pi0 branching ratio Br(pi0pi0), we use
the average of the BaBar and Belle results in Refs. [19, 20].
The branching ratios are actually CP-averaged quantities.
These parameters measure ratios of tree to penguin am-
plitudes, with Pˆtu describing the difference of penguin
topologies with top- and up-quark exchanges. The nu-
merical values follow from the strategy of Refs. [1, 2],
utilizing the B → pipi data in Table I and the SU(3) fla-
vor symmetry. We include SU(3)-breaking corrections,
assuming non-factorizable effects of 20% [21, 22], and ex-
perimental uncertainties [23].
Since B+ → pi+K0 has no color-allowed/-suppressed
tree contributions which could interfere with penguin am-
plitudes, only a tiny direct CP asymmetry could originate
in the SM from O(λ2) terms. Neglecting them yields
A(B+ → pi+K0) = −P ′ = A(B− → pi−K¯0). (7)
Direct CP asymmetries of other B → piK decays arise at
O(r(c)). The data in Table I agree with Eq. (7) and the
pattern expected from Eqs. (5) and (6). Keeping only
terms linear in r(c) yields the following sum rule [24, 25]:
∆SR ≡
[
Api
+K0
CP
Br(pi+K0)
Br(pi−K+) −A
pi0K+
CP
2Br(pi0K+)
Br(pi−K+)
]
τBd
τB±
+Api
−K+
CP −Api
0K0
CP
2Br(pi0K0)
Br(pi−K+) = O(r
2
(c)). (8)
Using the measurements in Table I, this relation gives
Api
0K0
CP = −0.14± 0.03. (9)
Let us now return to mixing-induced CP violation in
B0d → pi0KS. In line with Refs. [9, 26], we write
(sin 2β)pi0KS ≡
Spi
0KS
CP√
1− (Api0KSCP )2
= sin(φd − φ00), (10)
where
φ00 ≡ arg(A¯00A∗00) (11)
is the angle between A¯00 and A00, and φd = (43.2±1.8)◦
denotes the CP-violating B0d–B¯
0
d mixing phase; the nu-
merical value follows from CP violation in B0d → J/ψKS
[18], including corrections from penguin effects [27].
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FIG. 1: Left: SM correlation between the CP asymmetries
of B0d → pi0KS, showing also Eq. (9) and the current data.
Right: φ± corresponding to the correlation in the left panel
and comparison with the theoretical value in Eq. (16). The
narrow bands indicate the future theory uncertainties.
As was pointed out in Ref. [9] (see also Ref. [28]), a
correlation between the CP asymmetries of B0d → pi0KS
can be obtained with the help of the following isospin
relation [29, 30]:
√
2A(B0d → pi0K0) +A(B0d → pi−K+)
= −(Tˆ + Cˆ)eiγ + (PˆEW + PˆCEW ) ≡ 3A3/2. (12)
Here γ is the usual angle of the UT and
3A3/2 ≡ 3|A3/2|eiφ3/2 = −(Tˆ + Cˆ)
(
eiγ − qeiφeiω) (13)
denotes an isospin I = 3/2 amplitude. Its normalization
can be determined through the branching ratio Br(pi+pi0)
utilizing the following SU(3) relation [5, 31]:
|Tˆ + Cˆ| = RT+C
∣∣∣∣VusVud
∣∣∣∣√2|A(B+ → pi+pi0)|, (14)
where RT+C ≈ fK/fpi = 1.2 ± 0.2 describes SU(3)-
breaking effects [8, 32]. For given values of Api
0KS
CP and
(q, φ), the measured neutral B → piK branching ratios
then allow us to determine φ00 from the amplitude trian-
gles representing Eq. (12) and its CP conjugate. Finally,
using Eq. (10), we may calculate Spi
0KS
CP .
Employing the SM values in Eq. (2) and the data in
Table I, we obtain the correlation in the left panel of
Fig. 1. In comparison with Ref. [9], the picture is now
considerably more constrained, which is in particular due
to an improved value of γ = (70±7)◦. To further explore
the underlying structure, we consider the angle
φ± = arg(A¯±A∗±) (15)
between the amplitudes A¯± ≡ A(B¯0 → pi+K−) and
A± ≡ A(B0 → pi−K+), where EW penguins enter only
in colour-suppressed form. In the case of φ = 0◦, we have
φ±|φ=0 = 2 r cos δ sin γ +O(r2) = (8.7± 3.5)◦, (16)
where we used Eq. (6). In the right panel of Fig. 1,
we show the range for φ± following from the contour in
3the left panel. The present uncertainty is driven by the
precision of Br(pi0K0) and Rq. We add a future scenario
with perfect measurements, assuming that progress in
theory will give Rq = 1.00 ± 0.05 [9]. We show also
Eq. (16) as the horizontal band. Surprisingly, it disagrees
with the experimental constraint, which is a new aspect
of the B → piK puzzle. Consequently, both the data for
CP violation in B0d → pi0KS and the correlation itself are
in conflict with the SM. This puzzling picture would then
require data to move, with in particular Br(pi0K0) going
down by about 2.5σ and changes of the CP asymmetries
at the 1σ level [23]. However, the tension in the data
may also indicate a modified EW penguin sector.
This intriguing situation is not yet conclusive. Fortu-
nately, the Belle II experiment offers exciting prospects
for much more precise measurements of B0d → pi0K0 [33].
Moreover, thanks also to LHCb [34], further parameters
will be known with much higher precision, such as γ with
uncertainties at the 1◦ level. Belle II has already per-
formed a feasibility study for the sum rule in Eq. (8),
where the key limitation is due to the experimental un-
certainty of ∆Api
0K0
CP |exp ∼ 0.04 [33].
Could this analysis resolve NP contributions to the EW
penguin sector? Using the exact expressions in Ref. [2]
with the parameters in Eqs. (5–6), we obtain
∆SR|SM = −0.009± 0.014 (17)
for the SM values in Eq. (2). In order to detect a devi-
ation from Eq. (17) at the 1σ level at Belle II, we find
that the NP effects must at least be as large as q ∼ 3
with φ ∼ 160◦. In view of the global pattern of the cur-
rent data, we focus on q < 3, including the SM regime.
For much larger values of q, the significance could grow,
depending on the specific value of φ. However, even then
additional information would be necessary to resolve the
underlying NP effects.
In view of this situation, we have developed a new
strategy to determine q and φ from B → piK decays. The
starting point is given by the isospin relation in Eq. (12)
and its counterpart for the charged B → piK decays:
√
2A(B+ → pi0K+) +A(B+ → pi+K0) = 3A3/2. (18)
Considering a given value of |A3/2|, we may apply these
relations to determine
∆φ3/2 ≡ φ3/2 − φ¯3/2 (19)
separately for the neutral and charged B → piK decays
from the corresponding amplitude triangles. Employing
Eq. (14), we convert |A3/2| into
N ≡ 3|A3/2|/|Tˆ + Cˆ|, (20)
where we used the model-independent result of a small
ω, which implies |A3/2| = |A¯3/2|. The numerical analysis
turns out to be essentially insensitive to ω for values as
large as about 10◦. The following expressions allow us
then to calculate contours in the φ–q plane:
q =
√
N2 − 2c cos γ − 2s sin γ + 1, (21)
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FIG. 2: Left: contours in the φ–q plane for charged B → piK
data, showing also the Rc constraint (dashed) and the SM
prediction. Right: three future scenarios utilizing mixing-
induced CP violation in B0d → pi0KS, as discussed in the text.
tanφ =
sin γ − s
cos γ − c , q sinφ = sin γ − s, (22)
where
c ≡ ±N cos(∆φ3/2/2), s ≡ ±N sin(∆φ3/2/2). (23)
The practical implementation requires us to fix the rel-
ative orientation of the amplitude triangles of the de-
cays and their CP conjugates. In the case of the neutral
modes, this can be accomplished in a clean way through
the measured value of Spi
0KS
CP . For the charged decays,
we use Eq. (7). Employing SU(3) methods, even the
tiny angle between the B+ → pi+K0 and B− → pi−K¯0
amplitudes arising from O(λ2) corrections can be taken
into account [21, 22], as done in our numerical analysis.
In view of the large current uncertainties affecting the
experimental value of Spi
0KS
CP , we apply the new method
only to the charged B → piK decays. In Fig. 2, we show
the contours satisfying all constraints, including the angle
between the B± → pi0K± amplitudes. As the triangles
require |A3/2| to be bigger than the lower bound following
from Eq. (18), we encounter the discontinuities around
q ∼ 1 and φ ∼ 70◦. This analysis is very robust from the
theoretical point of view [9], relying on an isospin relation
with minimal SU(3) input given by RT+C in Eq. (14). In
particular, no decay topologies, such as color-suppressed
EW penguins, have to be neglected.
It is useful to complement this analysis with
Rc ≡ 2
[Br(pi0K+)
Br(pi+K0)
]
= 1.09± 0.06, (24)
where the general expressions in Ref. [2] yield
Rc = 1− 2 rc cos δc(cos γ − q cosφ) +O(r2c ). (25)
Using the parameters in Eq. (5), Rc can be converted into
another curve in the φ–q plane. As it requires informa-
tion on δc and the O(r2c ) terms involve color-suppressed
EW penguins, it is not as clean as the triangle contours.
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FIG. 3: Correlations between Api
0KS
CP and S
pi0KS
CP for the NP
scenarios labelled by “1” (left) and “2” (right) in Fig. 2. For
the green parts of the contours, the value of φ± agrees with
Eq. (16). The grey horizontal bands correspond to Eq. (10),
calculating φ00 with the parameters in Eqs. (5) and (6).
However, as can be seen in Fig. 2, we find remarkable
agreement with one of them, allowing for a potentially
large CP-violating phase φ while being also consistent
with φ = 0◦ as in the SM.
In order to reveal the full picture, further information
is needed. It is offered by the mixing-induced CP asym-
metry of B0d → pi0KS, which allows the determination of
φ00 from Eq. (10). This angle is given as
tanφ00 = 2 (r cos δ − rc cos δc) sin γ
+ 2 rc (cos δc − 2 a˜C/3) q sinφ+O(r2(c)), (26)
where a˜C ≡ aC cos(∆C + δc) with the CP-conserving
strong phase ∆C describes color-suppressed EW pen-
guins [2]. Since these contributions, having a “naive”
value of aC ∼ 0.2, may be enhanced by non-perturbative
effects, we employ data to take them into account, using
the following ratio [35]:
R ≡
[Br(pi−K+)
Br(pi+K0)
]
τB±
τBd
= 0.89± 0.04, (27)
which can be written as
R = 1− 2 r cos δ cos γ + 2 rc a˜C q cosφ+O(r2(c)), (28)
where we have assumed Eq. (7). We observe that R al-
lows us to include the color-suppressed EW penguin con-
tribution to Eq. (26). As we noted above, we may take
corrections to Eq. (7) into account, as we do in the nu-
merical analysis. Using Eqs. (5) and (6) yields then
a˜C q cosφ = −0.10±0.15, a˜C|SM = −0.15±0.23, (29)
indicating a small impact of the color-suppressed EW
penguin topologies in R and φ00. Higher order terms
in r(c) can also be included, involving terms of the form
aC sin(∆C + δc), which can be constrained through the
direct CP asymmetry of B0d → pi−K+.
In the case of φ = 0◦, the EW penguin contribution
in Eq. (26) vanishes while these topologies could still en-
ter through tiny r2c terms. Consequently, φ00 is then
essentially insensitive to EW penguin effects, and we ob-
tain the prediction (sin 2β)pi0KS = 0.80± 0.06, where the
error takes SU(3)-breaking effects of 20% and O(r2c ) cor-
rections into account.
Let us now allow for large CP-violating phases φ. In
the right panel of Fig. 2, we discuss a future scenario,
assuming theory uncertainties as in Ref. [9]. We show
only triangle contours which are consistent with the Rc
constraint. We consider three sets of (q, φ). In the corre-
sponding φ00 curves, we take color-suppressed EW pen-
guin contributions through R and Api
−K+
CP into account,
and show both the theoretical (wide bands) and exper-
imental (small bands) uncertainties. The former corre-
spond to non-factorizable SU(3)-breaking effects of 20%,
although we expect a much sharper picture of SU(3)-
breaking effects by the time these measurements will be
available through data-driven methods and progress in
theory [21, 22]. Since Belle II did not give uncertainties
for Spi
0KS
CP , we assume a resolution as for ∆A
pi0K0
CP [33].
We observe that the theoretical uncertainties of the φ00
contours would then allow us to match the corresponding
experimental precision, which is very promising.
Finally, we return to the B → piK puzzle. Is it actu-
ally possible to resolve it through values of q and φ in
agreement with the allowed regions following from the
charged B → piK data? In Fig. 3, we zoom into the
Api
0KS
CP –S
pi0KS
CP plane for two NP scenarios, showing only
triangle contours which satisfy the internal consistency
requirements. Evidently, the B → piK puzzle could be
resolved, which is very non-trivial in view of the subtle
features involved and the strong constraints for q and φ
implied by the charged B → piK data. Further insights
can be obtained through the independent triangle analy-
sis for the neutral B → piK decays once the experimental
uncertainty for Spi
0KS
CP can be reduced. This observable
will play the key role in the future exploration of the
B → piK system.
It will be very interesting to see whether the imple-
mentation of our new strategy at Belle II will once again
confirm the SM or finally establish NP in the EW pen-
guin sector with possible new sources of CP violation. In
the latter case, the corresponding new particles, such as
additional Z ′ bosons, may be linked to anomalies in cur-
rent data for rare semileptonic B decays, thereby offering
an exciting new playground for future explorations.
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